A B S T R A C T Acute myocardial infarction causes depression of left ventricular function, but the capacity of the ventricle to recover from such an injury remains unknown. This problem was explored by measuring left ventricular function in eight intact conscious dogs before, 1 hr after, and again 6-8 days after myocardial infarction. Acute myocardial infarction was produced using a technique which entails gradual inflation over an average period of 1 hr of a balloon cuff previously implanted around the left anterior descending coronary artery. Occurrence of anterior wall infarction was detected electrocardiographically and later confirmed by postmortem examination. Left 
INTRODUCTION
Previous investigators have demonstrated depression of left ventricular function during experimental coronary occlusion (1, 2) . This depression is reversible with restoration of blood flow to the ischemic area. When one or more coronary vessels are permanently occluded, thus allowing the ischemia to persist, acute myocardial infarction occurs. Under these experimental conditions a reduction in arterial blood pressure and/or cardiac output has been observed (3) (4) (5) (6) (7) (8) (9) . Depression of cardiac output in patients with acute myocardial infarction and hypotension has also been reported in clinical studies (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Most of these observations in both clinical and experimental myocardial infarction have been made acutely, and little quantitative information about the healing stage after coronary occlusion is available. It has been the impression that improvement of left ventricular function occurs during recovery, but this has not been cons stently documented (14, 15, 17 to left ventricular-developed pressure during transient aortic obstruction (19) (20) (21) (22) . In addition, routine hemodynamic measurements were carried out. Serial studies were executed in all animals. Animals were studied before, 1 hr after, and again 1 wk after experimental myocardial infarction, and each animal served as its own control.
METHODS Eight adult mongrel dogs of both sexes, weighing 18-26 kg, were selected for study. The technique of producing myocardial infarction by slow occlusion of a small balloon cuff around the left anterior descending coronary artery in intact conscious dogs has been described previously in studies from this laboratory (23, 24) . Coronary occlusion balloon devices were implanted under 30 mg/kg pentobarbital anesthesia. Animals were intubated and ventilated with a Bennett intermittent positive pressure respirator (Bennett Respirator Products, Inc., Santa Monica,, Calif.). Through a left thoracotomy, the pericardial sac was opened, and the left anterior descending coronary artery was isolated 4-10 mm below its origin. An inflatable balloon cuff device, of the type developed by Chimoskey, Szentivanyi, Zakheim, and Barger (25) , was implanted around the vessel. In three dogs, bipolar pacing wires were sutured to the left atrial appendage. The ascending aorta was isolated and banded 3-7 mm proximal to the origin of the innominate artery by an umbilical tape. To protect the aorta from damage, this tape was passed through a 0.6 cm diameter tunnel of Teflon graft material which was cut to fit snugly around the aorta. Banding was carried out in such a way that there was a 10-25 mm systolic and less than 3 mm mean pressure gradient across the band. The purpose of this procedure was to permit later studies involving inflation of a catheter-tip balloon in the ascending aorta, thus imposing a pressure load upon the left ventricle, without having the balloon expelled from the aortic root by the force of ventricular contraction. Atrial pacing wires and the Silastic tube leading to the balloon cuff were exteriorized on the dog's back. All animals received 1.2 million U of procaine penicillin and 600 mg lincomycin intramuscularly daily for 7 days after operation.
Animals were allowed to recover for 10-15 days after surgery. On the day of study animals were sedated with 15 mg morphine sulphate given intramuscularly. Under local anesthesia, a femoral cutdown was done to permit introducing an 8F Cournand catheter into the pulmonary artery and a specially made balloon catheter into the left ventricle. The latter was a 6-8F double lumen catheter with one end hole and one side hole 12 cm from the end. A balloon large enough to obstruct the aorta when inflated was constructed around the proximal hole. Under fluoroscopic control, the catheter was, placed on the left side of the heart in such a way that the tip lay in the left ventricle and the balloon lay in the aortic root proximal to the aortic band.
After recording a 9 lead electrocardiogram, cardiac output was measured in duplicate by the indicator dilution technique, using indocyanine green. Pressures were recorded in the right atrium, right ventricle, pulmonary artery, aorta, and left ventricle. The latter three pressure measurements were always recorded simultaneously. Then the aorta was transiently occluded by inflating the balloon catheter with 100% carbon dioxide until left ventricular end-diastolic pressure rose to 50 mm Hg. The carbon dioxide was injected manually, but under fluoroscopic control, so that the balloon could be seen to impact and become immobilized against the aortic band. (23, 24) . After this, the balloon was left inflated. Onset of myocardial infarction was confirmed by either sinus tachycardia or electrocardiographic changes or both. 1 hr after the infarction, left ventricular function was reassessed in all dogs. Pressures and cardiac output were again measured. All the dogs tolerated the procedure well. Only one dog appeared uncomfortable during myocardial infarction. In three dogs, a few ventricular premature beats were observed within 15 min after the onset of myocardial infarction, and these were treated with 20-40 mg of lidocaine given intravenously. The last dose of lidocaine was always given more than 40 min before the study of ventricular function, and no other drug was used.
After the study, the dogs were returned to the kennel and ambulated daily. 6-8 hr after infarction all dogs developed ventricular tachycardia except one, which displayed only sinus tachycardia. Ventricular tachycardia subsided spontaneously in less than 3 days. Serum glutamic oxaloacetic transaminase (SGOT), lactic dehydrogenase (LDH), and creatine phosphokinase (CPK) were measured as previously reported (23, 24) before and 24 hr after the infarct. Dogs were restudied 6-8 days after the infarction, again under sedation with 15 mg morphine sulfate. Pressures, cardiac output, and left ventricular function were reassessed in all dogs. In three of these eight animals, left ventricular function curves were constructed at all three stages, i.e. control, and at 1 hr, and again 1 wk after. infarction, while the heart rate was controlled by pacing the atrium at 180 beats/min.
In carrying out ventricular function testing, an average of five-curves were made for every animal during each state. Only the ventricular function curves in which no ventricular arrhythmia occurred (19) were analyzed. Pressure tracings were made using a multichannel photographic recorder (Hewlett-Packard Co., Palo Alto, Calif.). Left ventricular pressure was measured simultaneously at both low and high gains, and during aortic obstruction, tracings were made continuously at 50 or 100 mm/sec. This facili- Table II ).
RESULTS
Identifying data and time intervals before and after myocardial infarction are given in Table I. Table II  summarizes the left ventricular function data, and Table  III presents the hemodynamic studies.
The average weight of the animals studied was 23 kg. Myocardial infarction was produced on an average of 13 days after surgery, and restudy was done 6-8 days after the myocardial infarction. Presence of infarction was confirmed in every animal by elevations of SGOT, CPK, and LDH 24 hr after infarction, and by post- Fig. 1 . The developed pressures at end-diastolic pressures from 10 to 50 mm Hg are given in Table II .
The control ventricular function curve before infarction showed a rapidly rising developed pressure at the onset of aortic obstruction (ascending limb), followed by a steady increase in left ventricular end-diastolic pressure with no further increase in developed pressure (plateau) (Fig. 1 ). 1 hr after induced myocardial infarction, there was marked depression of left ventricular function, with significant reduction of developed pressure at all levels of left ventricular enddiastolic presure on both ascending limb and plateau. This shift to the right of the ventricular function curve was observed in every animal. On restudy 1 wk after acute myocardial infarction, considerable recovery of ventricular function was noted. Now there was a significant increase of developed pressure at all levels of left ventricular end-diastolic pressure, compared with the curve 1 hr after infarction. Again, this shift to the left of the ventricular function curve was a consistent finding. However, when these curves obtained 1 wk after infarction were compared with the control curves before infarction, it was noted that recovery of ventricular function was not complete. This was most evident along the ascending limb of the curve, which remained significantly depressed. However, at high enddiastolic pressure (above 35 mm Hg), the same plateau of developed pressure was achieved in both states (Fig. 1 ).
Maximal developed pressure ("maximum strength"). These data were also examined in terms of the maximal developed pressure which the ventricle could generate in the three different study states. Maximal pressure at the plateau of the ventricular function curve is a reflection of "maximum strength" since ventricular contraction is essentially isometric (19 (Fig. 1) Hemodynamic measurements. Hemodynamic data are summarized in Table III . With acute infarction, there was a significant increase in heart rate and left ventricular end-diastolic pressure and 39% decrease in stroke volume. Other hemodynamic measurements were more variable: average values for cardiac output and left ventricular systolic pressure were reduced, but not significantly. During recovery, left ventricular enddiastolic pressure declined in six of the eight animals, but did not return to normal. Cardiac output and stroke volume increased significantly during recovery, compared with acute infarction (Table III) . These findings indicate onset of left ventricular failure with infarction, and suggest a degree of recovery during the week after infarction. However, these changes in hemodynamic measurements were less consistent than the results of tests of ventricular function (see above). DISCUSSION Impairment of left ventr cular performance has been described in both clinical and experimental myocardial ischemia (1-6, 8-18 ). In many of these studies, depression of ventricular function was defined in terms of diminished cardiac output, stroke volume, and increased cardiac filling pressures. However, it is well recognized that hemodynamic measurements may fall within the normal range in the presence of myocardial infarction (15, 17, 27 (1, 2) . Indeed, ventricular function in experimental myocardial infarction may be abnormal in the presence of hemodynamic values which are normal or nearly so (21) . These findings suggest the need for carrying out sensitive tests of ventricular function in assessing serial changes after myocardial infarction. Due to disparate contractile behavior of normal and ischemic muscle in the presence of focal myocardial infarction, force velocity analysis of ventricular function is not applicable in this preparation (28) .
The method of Goodyer et al. (19, 20) for pressure loading of the left ventricle was chosen because of its reproducibility, suitability for serial studies, and speed with which ventricular function could be tested in the intact, conscious animal. With this method, alterations in heart rate and marked arterial hypotension distal to the obstruction (21) are produced. These changes might independently alter ventricular contractility. However, changes in heart rate in this range in the present study and in that of Goodyer et al. (20) (Fig. 1) . Despite this capacity of the ventricle during recovery to generate maximal developed pressures similar to the control state, the pattern of pressure generation, in relation to end-diastolic pressure, was similar to that of the acutely infarcted ventricle (Fig. 2) .
Presence of a descending limb in the function curve of the normal left ventricle is disputed (22, 32) , but has been described in the damaged ventricle (1, 32 (12, 15, 18, 27) .
Precise mechanisms of the recovery of left ventricular function after infarction are not known at present. Presumably, the depression of function in acute infarction results from loss of a fraction of functioning myocardium, sequestration of blood during systole by ballooning of the injured segment and various metabolic alterations interfering with energy utilization. Several mechanisms for recovery are possible: (a) Stiffening of infarcted myocardium during recovery from acute myocardial infarction (33) No attempt has yet been made to interrelate these diverse observations, or to determine the relative importance of each, although all of these effects are obviously pertinent to understanding the natural history of experimental canine coronary occlusion.
The demonstration of the remarkable propensity of normal ventricle to recover from acute myocardial infarction may help to explain cases of patients showing return to seemingly normal cardiac function (15) (16) (17) 27) . These findings of the present study may have implications regarding temporary support for the circulation in the phase immediately after myocardial infarction in anticipation of some degree of spontaneous repair.
